Overexpression of the NEDD9/HEF1/Cas-L scaffolding protein is frequent, and drives invasion and metastasis in breast, head and neck, colorectal, melanoma, lung and other types of cancer. We have examined the consequences of genetic ablation of Nedd9 in the MMTV-HER2/ERBB2/neu mouse mammary tumor model. Unexpectedly, we found that only a limited effect on metastasis in MMTV-neu;Nedd9 À / À mice compared with MMTV-neu;Nedd9 þ / þ mice, but instead a dramatic reduction in tumor incidence (18 versus 80%), and a significantly increased latency until tumor appearance. Orthotopic reinjection and tail-vein injection of cells arising from tumors, coupled with in vivo analysis, indicated tumors arising in MMTV-neu;Nedd9 À / À mice had undergone mutational selection that overcame the initial requirement for Nedd9. To better understand the defects in early tumor growth, we compared mammary progenitor cell pools from MMTV-neu;Nedd9
INTRODUCTION
Breast cancer is the most common malignancy in women, accounting for 1 in 4 total cancer diagnoses, and over 250 000 cases in 2009 in the United States. 1 As with many cancers, mortality is predominantly associated with an initial diagnosis of invasive or metastatic disease, and initial or acquired drug resistance. A high percentage of breast cancers have been linked to aberrant expression and/or activity of the estrogen receptor (ER), the progesterone receptor or the human epidermal growth factor receptor 2 (HER2/ErbB2). 2, 3 HER2 overexpression occurs in 10-34% of patients, and correlates with aggressive disease. [4] [5] [6] Given the importance of HER2-directed therapies in the clinic, 7 it is of considerable interest to better understand the biology of HER2-dependent tumors.
The NEDD9 (also known as HEF1 and CAS-L 8, 9 ) scaffolding protein assembles protein complexes that regulate cell adhesion, migration, division and survival (reviewed in Tikhmyanova et al. 10 ). Increased expression of NEDD9 has been associated with invasion and metastasis for multiple cancer cell types, including among others glioblastoma, melanoma, colon and head and neck squamous cell carcinoma. 10, 11 One recent report suggests that NEDD9 is similarly upregulated in higher stages of human breast cancer, particularly in a subset of HER2 þ and triple-negative tumors. 12 Mechanistically, we have shown that overexpressed NEDD9 positively regulates migration and invasion of MCF7 cells 13 and other mammary tumor cells, 14, 15 promotes expression of matrix metalloproteases, 13 and decreases the expression of the epithelial marker E-cadherin. E-cadherin loss typifies the epithelial-mesenchymal transition that is a hallmark of tumor invasion, and has also been associated with NEDD9 function. 12, 16, 17 Taken together, these data suggest that upregulation of NEDD9 promotes breast tumor aggressiveness.
In contrast to the well-documented role of overexpressed NEDD9, the question of whether there is an actual requirement for NEDD9 during tumor metastasis has not been well addressed. The MMTV-neu (rat HER2/ErbB2) mouse model produces mammary tumors that in many respects recapitulate features of human HER2 þ breast cancer. 5, 18 Further supporting specific physiological relevance of this model to studies of NEDD9, recent reports indicate that overexpression or ligand stimulation of HER2 induces NEDD9 expression and phosphorylation (associated with protein activity), 19 while earlier work showed NEDD9 overexpression induces HER2 expression, indicating a feedback loop. 13 In this study, we crossed MMTV-neu mice to a Nedd9 À / À strain of mice, 20 and analyzed the development of mammary tumors. Unexpectedly, although loss of Nedd9 had relatively little effect on tumor metastasis, we found that MMTV-neu;Nedd9 À / À mice were largely resistant to neu-induced tumor formation, reflecting an important and previously undetected role for NEDD9 at early stages of tumor growth. Extending this study to a direct analysis of the mammary progenitor cell pools from which HER2-dependent tumors originate, we for the first time describe a requirement for NEDD9 in controlling the growth of pre-tumorous luminal progenitor cells.
RESULTS

Nedd9
À / À mice are strikingly resistant to HER2/neu-induction of mammary tumors Comparison of the incidence and time to appearance of mammary tumor formation in Nedd9 À / À or Nedd9 þ / þ mice in the presence or absence of the MMTV-neu transgene revealed a highly significant difference (P ¼ 2.17e-09) ( Figure 1a ). In 800 days of observation, B80% of MMTV-neu;Nedd9 þ / þ mice developed mammary tumors with an average latency of 339 days. In contrast, only 18% of MMTV-neu;Nedd9
À / À mice developed tumors, with an average latency of 416 days for this small group of mice. However, once formed, the tumors in MMTV-neu;Nedd9 À / À mice grew at least as rapidly as those in MMTV-neu;Nedd9 (Figure 1b) . Histopathological analysis revealed no gross qualitative differences between comparably sized tumors isolated from MMTV-neu;Nedd9 þ / þ versus MMTV-neu;Nedd9 À / À mice ( Figure 1c ). Not all mice with primary tumors had associated lung metastases at the time of euthanasia (13/37 for MMTVneu;Nedd9 þ / þ , and 4/8 for MMTV-neu;Nedd9 À / À ). However, among mice with detectable metastases, the number observed was statistically equivalent between genotypes (P ¼ 0.5101) (Figure 1d ). These results emphasized a critical requirement for Nedd9 prior to the formation of detectable neu-induced tumors, but either a less important role in later stages of tumor growth, or alternatively, the acquisition by tumors of compensating genetic or epigenetic changes that reduce the requirement for Nedd9.
Primary cell lines derived from tumors isolated from MMTVneu;Nedd9 þ / þ and MMTV-neu;Nedd9 À / À mice have similar growth profiles in vitro and in vivo We next generated multiple cell lines from primary MMTVneu;Nedd9 þ / þ and MMTV-neu;Nedd9 À / À tumors for further analysis. Extensive typing of three cell lines of each genotype in vitro indicated comparable rates of anchorage-dependent proliferation (P ¼ 0.49), growth on fibroblast-derived 3D matrix to simulate an in vivo microenvironment 21 (P ¼ 0.57), and rate of attachment (P ¼ 0.77), and a marginal difference in soft agar growth (P ¼ 0.05) between genotypes (Supplementary Figure S1) . To determine whether reduced ability to form tumors in vivo persisted in isolated tumor cells, we next compared the behavior of MMTV-neu;Nedd9 þ / þ and MMTV-neu;Nedd9 À / À cell lines in mammary orthotopic xenograft analysis, injecting five SCID mice for each of the six cell lines analyzed in vitro. In this case, Nedd9 genotype did not influence the rate of xenograft growth (P ¼ 0.1652) (Figure 2a ). However, MMTV-neu;Nedd9
À / À cell lines were somewhat less effective in colonizing the lung than MMTVneu;Nedd9 þ / þ lines following tail-vein injection (P ¼ 0.042) (Figure 2b ). Because NEDD9 supports chemotaxis of B-lymphocytes, 20 the difference between the growth of primary tumor cells and growth of xenografts might arise from the lack of a normal immune system in SCID mice. Therefore, we also tested the growth of the same MMTV-neu tumor cell lines in orthotopic xenograft analysis in syngeneic MMTV-neu mice. 20 There was again not a significant difference in growth of MMTV-neu; Nedd9
and MMTV-neu;Nedd9 À / À cell lines in tumor formation (P ¼ 0.2120) (Figure 2c ). These results do not exclude a role for Nedd9 in the stroma of mammary tissue: however, consistently, studies have found that Nedd9 expression is extremely low in cultured fibroblasts in contrast to epithelial or lymphoid cells, and immunohistochemistry of breast tumors has shown negative staining in tumor-adjacent stroma, 12 arguing against such a role.
Based on these results, we examined the expression and/or activation of a group of HER2 effectors and NEDD9 signaling partners in MMTV-neu;Nedd9 age, 24 2-3 months before the average time for palpable tumor formation in the MMTV-neu;Nedd9 þ / þ mice. 24 We analyzed cells isolated from the mammary glands of 4-month-old mice containing or lacking the MMTV-neu transgene. After enriching for epithelial cells, we used FACS to sort luminal progenitor cells (CD24 high CD49f med/low ) and basal progenitor (CD24 med CD49f high ), 25 analyzing the relative proportion of each progenitor cell population to the overall mammary epithelial pool ( Figure 3 ). The CD24 high CD49f med/low luminal progenitor population was proportionally reduced by 25% in MMTVneu;Nedd9
À / À compared with MMTV-neu;Nedd9 þ / þ mammary epithelial cells (P ¼ 0.018) and by 30% in Nedd9 
and b, bottom). To determine whether these differences persist in the cell lines generated from primary tumors, we performed similar analysis of CD24 and CD49f expression for three lines of each genotype (Supplementary Figure S3A) . In each case, the only population detected was a novel CD24 high CD49f high cell class, paralleling other results reported with MMTV-neu cell lines, and suggested to reflect differentiation events induced by sustained cell culture. 26, 27 We therefore focused on more in-depth analysis of progenitor pools.
Although the reduced proportional population of luminal (CD24 high CD49f med/low ) progenitor cells associated with the MMTV-neu;Nedd9 À / À genotype is consistent with the much lower incidence of tumor formation in these mice (Figure 1a) , it is not sufficient to explain the magnitude of the reduction in tumor growth unless additional functional impairments are also present. We analyzed the ability of the luminal progenitor cells from all genotypes to form three-dimensional mammospheres in
Matrigel (Figure 4). Cells isolated from MMTV-neu;Nedd9
À / À mice were less likely to form mammospheres compared with the MMTV-neu;Nedd9 þ / þ cells (o52%, Po0.0001) (Figure 4a ). However, mammospheres that formed from MMTV-neu;Nedd9 In analyzing colony morphology, there was little difference in the percentage of mammospheres from either genotype to have a hollow or solid lumen (P ¼ 0.3, filled; P ¼ 0.09, hollow). However, the MMTV-neu;Nedd9 À / À mammospheres were markedly more likely to be characterized by multiple irregularly shaped joined lumens ('atypical', 70.8 versus 29.4% in MMTV-neu;Nedd9 þ / þ ; P ¼ 0.02) (Figures 4e and f) . Intriguingly, there were no significant differences between colony formation, average area or morphology based on Nedd9 status in the absence of the MMTV-neu transgene (P ¼ 0.63, 0.88 and 0.54, respectively).
Mammospheres derived from MMTV-neu;Nedd9
À / À mammary luminal epithelial cells have defective cell adhesion signaling In migrating cells, Nedd9 interacts with FAK and SRC to control focal adhesion dynamics and organize the actin cytoskeleton. 10 Recent studies of FAK in mammary progenitor cells have found that absence of FAK causes morphological disordering of the mammary gland, and reduces tumor growth. 28, 29 We analyzed expression and localization of FAK, SRC and polymerized F-actin in mammospheres. Quantification of staining intensity found in Figures  5A and B) . As an alternative means of probing robustness of FAK and SRC signaling, we treated mammospheres with inhibitors of FAK ( Figure 5C ) and SRC ( Figure 5D ), to determine if Nedd9 genotype influenced the ability of these compounds to limit cell growth. These studies confirmed that lower doses of the FAK inhibitor PF-573228 and the SRC inhibitor dasatinib impaired growth of colonies from Nedd9 À / À progenitor cells at lower concentrations than at from Nedd9 þ / þ cells. This distinction was minimized or absent in tumor cell lines derived from mammary tumors, suggesting it had been selected against during tumor outgrowth ( Supplementary Figures S3B and C) .
All of these changes were consistent with defects in cell adhesion signaling affecting mammosphere organization, and by extrapolation, absence of NEDD9 limiting tumor growth through depression of FAK signaling. An alternative mechanism for the generation of disorganized mammospheres would be if NEDD9 affected the plane of mitotic division in reference to the epithelial sheet (from parallel to perpendicular or disorganized), and we have previously demonstrated NEDD9 can influence mitotic progression. 30, 31 However, quantification of mitotic planes of mammosphere cells indicated no effect of Nedd9 on this property ( Figure 5D ), suggesting that this mechanism did not contribute to the observed defects.
Given the profound changes in mammosphere growth associated with a Nedd9
À / À genotype, we performed gene expression analysis of the luminal progenitor cell populations of the four genotypic cohorts to ask if these differences were reflected in changes in mRNA profile (Supplementary Figure S4) . Comparison of the Nedd9 þ / þ versus the Nedd9 À / À genotypes (using a paired t-test to isolate neu status) showed 64 probes with Po0.05 after multiple testing correction and with a log fold change 41 (that is, a doubling or halving of expression), with the top four being probes for Nedd9 (mean log fold change of 3.2). These included a number of genes associated with genomic stability, including Smc4, Plk4 and CenpE; however, although direct qRT-PCR analysis confirmed these as modestly upregulated, results did not rise to statistical significance (Supplementary Figure S5A) . However, Gene 
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Set Analysis of the entire group of differentially expressed genes, based on gene annotations in the KEGG, Biocarta and Reactome databases, identified significant enrichment of the set for genes annotated for mitosis, replicative stress and centrosome maturation (Supplementary Figure S5B) . Inspection of individual genes that were specifically affected by Nedd9 À / À genotype only in the Nedd9 regulation of mammary luminal progenitors JL Little et al context of the MMTV-neu transgene suggested modest downregulation of Idh1, and upregulation of Zeb2, Park2 and Ddr2, genes linked to control of stem cell identity, tumor invasiveness and drug responsiveness. However, these changes were again not statistically significant following multiple testing correction.
DISCUSSION
The results of this study support three main conclusions. First, they reveal a very substantial requirement for Nedd9 during early stages of the growth of HER2/neu-dependent tumors. While no effect on metastatic potential is seen with primary tumors, this may reflect the small number of MMTV-HER2/neu;Nedd9 À / À mice developing primary tumors available for analysis: in contrast, a significant reduction in lung colonization following tail-vein injection of MMTV-HER2/neu;Nedd9 À / À tumor cells is observed. Second, these results are the first to demonstrate a role for Nedd9 in supporting the abundance and mammosphere-forming potential of mammary luminal progenitor cells. These results support the idea that Nedd9 action is intrinsic to mammary epithelial cells, rather than based on activity in the mammary stromal compartment. Third, they indicated that the defects in mammosphere growth likely involve perturbation of crucial cellular attachment signaling pathways involving FAK and SRC, and surprisingly, do not involve significant reprogramming of the gene expression profile of cells lacking Nedd9.
There are no gross differences in the mammary gland development of Nedd9 À / À mice, in the absence of a driver oncogene. 15 Here, our data indicated that while the absence of Nedd9 consistently reduced the size of luminal precursor pools, with or without such a driver, changes in these cells relevant to mammosphere growth rate, morphology and signaling were contingent on the simultaneous presence of HER2/neu. Independently, studies in human tumor cells have shown that NEDD9 expression is particularly important in supporting activity of the ERBB pathway, with depletion of NEDD9 increasing the sensitivity of tumor cells to ERBB1/EGFR-targeting drugs. 32, 33 It is also of interest that a recent study profiling transcript levels in a human mammary luminal epithelial model of ERBB2 overexpression demonstrated that NEDD9 was strongly upregulated, together with multiple genes involved in growth factor signaling, proliferation and cytoskeletal control. 34 Although some MMTV-neu;Nedd9 À / À tumors arose in our study, indicating they have been able to partially compensate for absence of Nedd9, their activation of relevant signaling pathways is clearly erratic (Figure 2d) , and suggests that a diverse set of compensatory mutations have occurred.
In addition to indicating differences in cell proliferation, analysis of mammospheres revealed striking differences in cell organization in MMTV-neu-derived cells lacking Nedd9, accompanied by decreased FAK, and increased evidence of actin stress fibers ( Figure 5 ). Nedd9 directly binds and cooperates with FAK to regulate SRC activation and cytoskeletal dynamics. [35] [36] [37] A number of groups have studied the consequences of FAK knockout for tumor initiation, progression and mammary morphogenesis. 28, 29, [38] [39] [40] A common finding was the impact of FAK knockout on mammary progenitor pools, with one study noting that loss of FAK blocked tumor formation driven by transgeneinduced activation of the EGFR effectors PI3K and Ras, without affecting normal mammary epithelial cells in the absence of a transgene, 40 similar to the results with Nedd9 knockout. Another study emphasized that loss of FAK in cultured mammary epithelial cells led to aberrant branching morphogenesis, with a striking increase in actin stress fibers arising from hyperactivation of Rho kinase, 29 similar to our findings. The fact that Nedd9-null cells are sensitized to drug inhibition of FAK or SRC implies a synthetic lethal relationship, similar to that we have demonstrated in earlier genetic experiments in Drosophila, where absence of Nedd9 or FAK or Src could be tolerated in isolation, but not in combination, 37 and again compatible with the idea of a fundamentally linked function. Finally, studies in cultured human breast cell lines have shown that integrity of NEDD9-FAK-SRC signaling at focal adhesions is important for both cell shape control and movement, but also for integrin-dependent survival functions, due to inhibition of anoikis, 41, 42 with these processes fundamentally linked: our data imply that this linkage is maintained in mammary tumor progenitor cells. Taken in sum, these data suggest that the subset of human breast cancers in which NEDD9 is overexpressed 12 are likely to be refractory to inhibition of FAK and SRC, as well as inhibitors of ERBB family members, which has clear implications for clinical treatment.
Although NEDD9 has not previously been studied in mammary progenitor cells, a functional role of Nedd9 in support of progenitor identity is also compatible with other studies of NEDD9 expression that suggest a role in non-differentiated cell lineages. For example, NEDD9 is highly expressed and tightly regulated by integrin-dependent signals in neural crest progenitor cells that differentiate into glia, peripheral neurons and pigment cells, and in immature blood cells, [43] [44] [45] and based on this study is likely to support this differentiation process. However, it is possible that significant differences in NEDD9 function exist between cells and tumors of different lineages. Our results differ strikingly from two independent studies of the contribution of Nedd9 to tumor development. In the context of overexpressed Bcr/Abl as oncogenic lesion, absence of Nedd9 accelerated the progression of myeloid leukemia; 46 in the context of the overexpressed polyoma virus middle T antigen, absence of Nedd9 initially moderately delayed tumor growth, but then selected hyperaggressive tumors. 15, 33 We hypothesize that one possible explanation for the differences observed between the MMTV-PyVT and MMTV-neu models lies in the comparative oncogenic potential of the PyVT and neu oncogenes. PyVT is pleiotropic, targeting of Shc, c-Src, PP2A, 14-3-3 and PI3K. 47 In contrast, ERBB2/ HER2/neu stimulates canonical receptor tyrosine kinase effector pathways, which activate PI3K, Ras and PLC-g, but are less potent in tumor formation in mice; 24, 48, 49 in this context, most Nedd9-deficient progenitor cells cannot grow enough to produce tumors, or select highly aggressive clonal descendents. The explanation for the even more striking difference with the BCR/Abl model, in which Nedd9 is tumor suppressive rather than oncogenic, is at this time obscure. Although NEDD9 clearly has important function in myeloid cells, 20, [50] [51] [52] no systematic analysis of relevant differences in NEDD9-dependent signaling between these and mammary cells has been undertaken. In sum, these data provide a strong justification for future analysis of the role of NEDD9 in the defective signaling of transformed mammary epithelial progenitor populations that initiate human breast cancer.
MATERIALS AND METHODS
Mouse strains
All experiments involving mice were pre-approved by the FCCC IACUC (Institutional Animal Care and Use Committee). C57Bl/6 Nedd9 À / þ mice, 20 were backcrossed to the FVB genetic background for over four generations (as suggested by Lifsted et al. 53 ), then mated to FVB/ N-Tg(MMTVNEU)202ML/J mice (Jackson Laboratories, Bar Harbor, ME, USA) to generate siblings for analysis. All pups were weaned at age 21-23 days, genotyped and segregated. All mice used for tumor analysis were virgin females.
Tumor growth assessment
Mice were examined weekly for tumor onset by palpation of all 10 mammary glands as described previously. 15 We used log-rank tests to test for differences between Nedd9 groups in age at euthanasia and age at which tumors developed. We tested for differences in tumor volume over time using linear regression model with interactions estimated by generalized estimating equations assuming an exchangeable working correlation matrix, 54 with robust standard errors) with age and Nedd9 group entered as covariates. We used Kaplan-Meier curves for Figures 1a and b. We used Wilcoxon rank-sum tests for comparisons of primary and tail-vein metastases. For analysis of xenograft growth in SCID or MMTV-neu mice, we tested for differences in tumor volume using one-way analysis of variance and a Bonferonni post hoc test.
Analysis of tumor signaling and derivation of cell lines
Mice were euthanized in accordance with the IACUC guidelines using isofluorane. The largest tumor and lungs were excised from each tumorbearing mouse, divided in half and processed for either pathology or western analysis as described previously. 15 Mammary tumor sections were immunostained with antibodies to ErbB2 (DAKO, Carpinteria, CA, USA). Images were acquired at 10 Â and 20 Â using a Nikon Eclipse E600 microscope (Nikon, Melville, NY, USA). Lung metastases were also analyzed as described. 15 All analyses were performed by a board-certified pathologist (AK-S) blinded to sample identity. Tumor sections were homogenized immediately for protein and 50 mg of lysate was used for western analysis as described. 15 Mammary tumors from mice were dissected and processed for cell lines as previously described. 15 Primary tumor cell lines derived from mammary tumors were grown in 0.1% gelatin-coated T75 flasks in low Ca 2 þ medium with 5% horse serum as described in Singh et al.
33
Orthotopic and tail-vein injections For three independently derived cell lines of each genotype, 10 6 cells in 200 ml phosphate-buffered saline were injected (bilateral inguinal) into the fourth mammary fat pad of five young SCID or MMTV-neu mice using a Hamilton syringe. Mice were examined twice weekly for mammary tumor onset. Tumor measurement, euthanasia and subsequent processing were performed as described above for primary tumor analysis. 33 In a lungseeding assay, for three cell lines per genotype, 10 6 cells in phosphatebuffered saline were injected into the lateral tail vein of five SCID mice. Mice were monitored for 4 weeks for any signs of distress, and then euthanized. The lungs and livers were extracted and processed for pathology and analyzed as in Singh et al. 33 Analysis of mammary progenitor cells and mammosphere growth Non-tumor-bearing mice were euthanized at B4 months old. Thoracic and inguinal mammary glands were removed and epithelial cells were isolated using published methods 55 After 6 (for a-tubulin-stained cells for mitotic analysis) or 10 days (all other mammospheres), cells were fixed and stained as in Debnath et al. 56 using indicated antibodies, and imaged using an Inverted Nikon TE2000 with Nikon C1 confocal scanhead at 40 Â or 60 Â (a-tubulin only) magnification (Nikon, Melville, NY, USA). For each antibody, acquisition settings including laser power, gain and pinhole settings were all kept consistent between experiments. To quantify F-actin, FAK and SRC staining of 3D reconstructed mammosphere z-stacks Metamorph's Integrated Morphometry Analysis (total intensity and total area function) was used, with outputs consisting of ratio of total intensity to total area providing integrated intensity readouts. In order to identify positive staining areas, grayscale monochromatic images were assigned individual thresholds (mask) that were individually set for each marker. Images representative of individual 2D slices were obtained from the original stacks used for 3D reconstruction and served as controls. 3D reconstructed and 2D images were also pseudocolored to highlight differences in staining intensities. The colors ranged between cold colors representing low intensity (that is, black ¼ 0) and warm colors for high intensities (that is, 255 ¼ white). Following pseudocoloring, quantification was performed by analysis of multiple colonies for each genotype. Finally, all images were processed in Photoshop (Adobe, San Jose, CA, USA) using identical image input levels followed by identical smart sharpen filter radius and amount changes for each marker set. A two-tailed t-test was used to determine significance.
To measure the angle of mitotic spindles, colonies were stained with a-tubulin and E-cadherin (Cell Signaling, Danvers, MA, USA) for immunofluorescence. Pictures were taken at 1-mm sections and specific z-stacks with identifiable mitotic spindles at the basal edge of the mammospheres were analyzed in Photoshop by drawing a line through the spindle poles and measuring its angle to the basal surface. Angles were noted between 01 and 901 and averaged by genotype. A two-tailed t-test was used to determine significance.
For cell-cycle assays, mammosphere colonies were seeded as mentioned previously. On day 10, mammosphere colonies were collected as described in dispase protocol (protocol from manufacturer, BD Biosciences). Cell-cycle compartmentalization was measured using a Guava Personal Cell Analysis-96 system (Guava Technologies/Millipore, Billerica, MA, USA). To determine the amounts of apoptotic cells in mammospheres, 4 0 ,6-diamidino-2-phenylindole, dihydrochloride (DAPI)-stained images taken B8 mm apart were analyzed from z-stacks of 1-mm sections. Total nuclei and pycnotic nuclei were counted and the percentage was analyzed with regard to Nedd9 genotype.
Drug inhibition studies
For drug treatment experiments, tumor cell lines were seeded into 96-well plates. After 24 h, vehicle (0.2% dimethyl sulfoxide (DMSO)) or drugs (the SRC inhibitor dasatinib, obtained from the Fox Chase Cancer Center pharmacy, and the FAK inhibitor PF-573228 (Sigma-Aldrich, St Louis, MO, USA) were added to the medium. After 72 h, cell viability was assessed by CellTiter-Blue (Promega, Madison, WI, USA) assay. In parallel, to confirm drug inhibition of targets, cells were seeded into 12-well plates, treated with drug at 24 h after plating and collected after 72 h for western analysis. Antibodies for western blotting targeted phospho-SRC(Y418), SRC, phospho-FAK(Y397) and FAK (Cell Signaling). Proteins were visualized using the West-Pico system (Pierce, Rockford, IL, USA). For drug treatment experiments with progenitor cells, 24 h after seeding into Matrigel, progenitor cells were treated with vehicle or drugs, as for tumor cell lines. Media was changed every 4 days. Colonies were fixed at day 10 and stained with DAPI. Area, shape, 3D reconstruction of 1 mm z-stacks and color/wave length separation of individual colonies were measured using Metamorph software (Promega, Sunnyvale, CA, USA).
